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a) This document is a “straw-man” draft of detailed MSE trial specifications for Bluefin tuna in the 
North Atlantic which, we suggest, are a desirable outcome from the ICCAT meeting on this 
topic to be held in Monterey over 21-23 January 2016. Such a specification document requires 
many decisions at a quite complex and detailed level, desirably after full discussion at the 
meeting. The fact that specific suggestions have been made below is not to suggest that the 
authors necessarily consider that those reflect the decisions which should be made. Rather their 
purpose is to assist clarify the totality and nature of decisions required by way of examples. 
Given this draft nature of this document, and its intended further development during the 
meeting, the text has yet to be “polished” (to include references, etc.). 
 
b) While the principal operating model that has been developed (by TRC under contract) for this 
MSE process is a “Mixed stock model”, the specifications below also include the alternative of 
an “Individual stock model”, which is one developed for the purpose of illustrating the 
application of MSE to Atlantic bluefin through considering an MP for the East Atlantic + 
Mediterranean stock (Rademeyer and Butterworth, SCRS/2015/167). The inclusion of this 
material has three purposes: 
i) to further assist in understanding the overall approach by providing a simpler 
example; 
ii) to raise the issue of whether to consider first MSE development for separate non-
mixing stocks for a simpler learning process, before moving on to the more complex 
mixed stock basis for evaluation; and 
iii) though the Mixed stock model can as a special case reflect no mixing, it might be 
useful, if ii) is to be pursued, to have more than one operating model to provide a 
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1. BASIC CONCEPTS AND STOCK STRUCTURE 
 
This first item intends to cover only the broadest overview issues. More detailed technical 
specifications are included under subsequent items. 
 
I) Spatial strata 
 
 
Figure 1.1. (A) Spatial definitions tabled by the 2015 ICCAT data preparatory meeting (Anon. 
2015) and used in the fitting of preliminary operating models. (B). Spatial definitions for which 







Spatial areas of the ICCAT data preparatory meeting (Anon. 2015, Figure 1.1A) 
 
 Alternative options 
 
Spatial areas at the resolution of the reported PSAT tagging data (Figure 1.1B) 
 
The MAST model (Taylor et al. 2011) areas which are the same Figure 1.1A but simplified such 
that the Central Atlantic is merged with the Western Atlantic and there is no division of the 
Mediterranean. 
 
Spatial areas proposed by Kimoto et al. (2015) with alternative spatial stratification of the northeast 
Atlantic (to better characterize Japanese longline fishing activities).  
 
 
II) Temporal strata 
 
Table 1.1. Possible sub-year temporal strata for disaggregation of data and modelling of population 
dynamics.  
A. Quarterly B. Biannual C. Custom 
January-March October-March 1st January - 15th March 
April-June April-September 16th March – 15th May 
July-September  16th May – 15th July 
October-December  16th July – 31 December 
   
 Baseline 
 
Years 1960-2015 with a quarterly sub-year disaggregation (Table 1.1.A)  
 
 Alternative options 
 
Biannual sub-year disaggregation (Table 1.1.B) 
















A two-stock model similar to Figure 1.2A but adhering to the spatial structure of Figure 1.1A. 
 
 Alternative options 
 
A three-stock model with western and eastern Mediterranean stocks.  




2. PAST DATA AVAILABLE 
 
Table 2.1 provides an overview of the data that may be used to condition operating models for 
Atlantic bluefin tuna. The Table indicates those data that have been gathered, those that are 
currently available and those that have already been used in conditioning operating models. 
 
  
Figure 1.2. Mixing hypotheses 
suggested by Arrizabalaga et al. 
2014).  
(A) A two stock model with no sub-
populations.  
(B) A two stock model with sub-
population structure.  






I) Raw data 
 
A preliminary demonstration operating model has been fitted to the fishery, tagging and survey data 
that are currently available (Table 2.1, field ‘Used in OM’). Currently the operating model is fitted 
to ICCAT Task II landings data scaled upwards to annual Task I landings.  
 
The ICCAT catch at size data set was used to estimate gear selectivity for each of the baseline fleet 
types.  
 
The pop-off satellite archival tag data from several sources (NOAA, DFO, WWF, AZTI, UNIMAR, 
IEO, UCA, FEDERCOOPESCA, COMBIOMA, GBYP) have been compiled by NOAA (M. 
Lauretta) and used in the preliminary model to estimate movements among areas. In total 319 tags 
provided information on 929 quarterly transitions (Table 2.2). 
 
Catch data provide scale to stock assessments. In a similar way, spatial stock of origin data are 
necessary to estimate the relative magnitude of the various stocks in a multi-stock model (to 
correctly assign catches to stock). Currently the model uses stock of origin data derived from the 
otolith microchemistry research of AZTI, UMCES and DFO (Table 2.3). 
 
There is uncertainty in regard to the stock of origin of bluefin catches in the South Atlantic which 
reported prior to 1970. Currently these are dealt with in the same way as all other catches: they are 
assigned to the areas of Figure 1.1A by uprating Task II catches (that are reported spatially) to the 
annual Task I catch data. It follows that these South Atlantic catches are combined with north 
Atlantic catches in the areas W.Atl and E.Atl (Figure 1.1A) and assumed to have the same stock of 
origin. Currently all the stock of origin data come from analyses undertaken in the north Atlantic 
only (e.g. otolith microchemistry).  
 
 
II) Analysed data 
 
In the absence of a trip-level and fleet specific regional abundance index, a preliminary 
standardized CPUE index was derived from the following linear model: 
 
log�𝐶𝑃𝑈𝐸𝑦,𝑟,𝑚,𝑓� = 𝛼𝑦,𝑟 + 𝛽𝑚,𝑟 + 𝛿𝑓 + 𝜀      (2.1) 
 
where y, r, m and f refer to years, areas, subyears and fleets, respectively. In formulating this 
temporary catch rate index, three fleets were used: Japanese longline, US longline and the Canadian 
rod and reel fleet.  
 
By including multiple fleets this index can be used to predict relative abundance indices over a wide 
range of year, subyears and areas including the Gulf of St Laurence and the Gulf of Mexico (Figure 
2.1). 
 
A Western larval index (Lamkin et al., 2014) commencing in 1977 and an Eastern larval index of 
(Ingram et al., SCRS/2015/035) (2001-2005 and 2012-2013) exist for the Gulf of Mexico and 




In order to fit a preliminary operating model a naïve inverse age-at-length key (probability of length 
strata given age) was developed from the base-case stock assessment growth curves for Eastern and 
Western stocks and an assumed coefficient of variation of 10%. 
 
There are four sources of derived data that are priorities moving forward:  
• a defensible inverse age-length key for each stock preferably disaggregated by time, 
• finalized fishery-independent larval surveys for both the Western and Eastern stocks, 
• standardized abundance indices based on trip-level catch rate data and 
• (most importantly) a greater quantity of stock of origin data spanning a greater range of subyear 
and area combinations.  
 
Note that the preliminary operating model has been fitted to a relative abundance index derived 
from ICCAT task II catch and effort data, primarily those from the Japanese longline fleet. Set 
specific data are not available at this level, such as hooks per basket (depth), bait type and soak time 
that often substantially effect the derived index of abundance. It is important to produce a trip-level 
index that is standardized for these covariates if possible.  
 
Further, currently the stock of origin data are relatively numerous but very sparse and only available 
for about 20% of subyear-area combinations (Table 2.3) (currently the operating model does not 
have stock of origin data for the Western Mediterranean and the Gulf of St Laurence). Coupled with 
sparse PSAT tagging data at this resolution (Table 2.2), there is limited information to allow the 
model to apportion catches to stock in these time-area strata correctly. There are however a large 
number of studies that may provide estimates of the stock of origin the data of which are not 
currently used to condition the operating model (e.g. otolith microchemistry, SNP, otolith shape and 
mitochondrial DNA analyses). Along with additional PSAT data, provision of these stock of origin 





The age-length key is static and not adjusted according to fishing mortality rate and length 
selectivity of fishing. 
 
CPUE indices are considered to be proportional to exploitable biomass (weighted by the selectivity 
indices).  
 
 Larval indices are assumed to be proportional to spawning stock biomass in the area in which 
they were collected in contrast to stock-wide spawning stock biomass (for scenarios where the two 
are not proportional). 
 
 
 Individual stock model 
 
For their illustrative analysis of an MP for the East+Med, Rademeyer and Butterworth 
(SCRS/2015/167) used data for time series of catch, catch-at-length by fleet, time series of indices 





Table 2.1. An overview of the data that may be used to inform operating models for Atlantic bluefin 
tuna. Cells shaded green reflect those sources for which data are being made available (‘Collab’), 
their availability to the process (Tom Carruthers, TC, the Core modelling group CMG, the ICCAT 
secretariat) and whether data that are available have also been used in conditioning preliminary 




TC CMG ICCAT ALL
1.1.  ICCAT task II CPUE 1950-2014 ∞ All Y Y Y Y Y Y Y
1976-2013 ∞ Y Y N N N N Not yet
1990-2013 ∞ Y Y N N N N Not yet
1992-2014 ∞ W Y Y N N N N Not yet
1992-2004 ∞ GOM Y Y N N N N Not yet
2005-2014 ∞ GOM Y Y N N N N Not yet
1.4. USA HL standardized spatial 1980-2014 ∞ W Y Y N N N N Not yet
1.5. USA RR standardized spatial 1992-2014 ∞ W Y
1.6. USA-CAN LL standardized spatial 1992-2014 ∞ W, C Y Y N N N N Not yet
1.7. USA-CAN HL standardized spatial 1993-2014 ∞ W, C Y Y N N N N Not yet
1.8. CAN LL standardized ∞ W, GSL Y Y N N N N Not yet
1981-2014 ∞ GSL Y Y N N N N Not yet
1988-2014 ∞ W Y Y N N N N Not yet
1.10. TWN LL standardized 1960-2004 2004 W, NE,  E Y N N N N Not yet
1.11. MOR TRAP standardized 1981-2014 ∞ WM Y N N N N Not yet
1.12. POR TRAP standardized W, WM Y N N N N Not yet
1.13. ESP TRAP standardized W, WM Y N N N N Not yet
1.14 ITA TRAP standardised CM Y Y N N N Not yet
2. Larval indices (SSB, movement)
2.1. USA 1977-2013 ∞ GOM Y Y N N N N Y
2.2 ESP 01-'05  '12-'13 2018 W Med Y Y N N N N Not yet
3. Catches (stock size, harvest rate)
3.1. ICCAT task I non-spatial N Y Y Y Y Y Y
3.2. ICCAT task II All Y Y Y Y Y Y Y
3.3 GBYP 1512-1950 E, M Y Y Y Y Y Y
4. Catch composition (selectivity, depletion)
4.1. ICCAT catch-at-size 1950-2015 ∞ All Y Y Y Y Y Y
4.2. Stereo video caging 2014 ended WM, EM Y N N N N Not yet
4.3. Canadian fisheries N
4.4 GBYP Historical catches 1910-1950 = E, M Y Y N Y Y Y Not yet
5. Conventional tags (feasible movement, growth, GTG heterogeneity )
5.1. ICCAT 1954-2014 2015 All Y Y Y Y Y Y Y
6. SI archival tags (feasible movement )
6.1. LPRC  (n=4000) 2011-2015 W Y N N N N Not yet
7. PSAT tags (movement )
7.1. LPRC (n=423) 2005-2009 ended W Y N N N N Not yet
7.2. DFO (n=135) 2013-2015 ∞ GSL,W,GOM Y Y N N N N Y
7.3. Stanford (n=1783) 1996-2010 ∞ W Y N N N N Not yet
7.4. GBYP (n = 103) 2012-2014 2015 E,MED Y Y Y N N N Y
7.5. WWF (n = 100) Y Y N N N N Y
7.6. SEFSC (NOAA) 2011-2013 GOM,W,GSL Y Y N N N N Y
7.7. Acadia (NS) GSL Y Y N N N N Y
7.8. UCA 2011 ended W, C, WM Y Y Y N N N Y
1.3. USA LL standardized spatial
Type of data (Informs ) Year range
 
Til











1. CPUE indices (relative abundance, movement, performance at stakeholder level)
1.9. CAN HL standardized
1950-2015
1.2. Japanese LL standardized spatial
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Table 2.1 continued.  
 
 
8. Otolith microchemistry (stock of origin )
8.1. UMCES, TAMU 2012-2013 Y Y N N N N Y
8.2. NOAA N N N N Not yet
8.3. EU (AZTI) 2009-2011 ended E Y Y N N N N Y
8.4. DFO / UMCES 2011-2013 ∞ W, GSL Y Y N N N N Y
8.5 GBYP 2011-2015 All Y Y Y Not yet
9. Otolith shape analysis (stock of origin )
9.1. GBYP GMIT (n=718) 2013 2015 E, W, C, WM Y N N N N Not yet
10. SNP (population structure, genetic structure )
10.1. Med HCMR N N N N Not yet
10.2. GBYP UB 2011-2015 All Y N N N N Not yet
10.3. AZTI  (n=130) Y N N N N Not yet
10.4 NOAA/VIMS/CSIRO 2015 GOM/MED N N N N N Not yet
10.5 GBYP Historical UB 200 BC - 1927 E, M Y Y N N N N Not yet
11. Other genetics on population structure (population structure, genetic structure )
11.1. mtDNA N N N N Not yet
11.2. Micro Sat/ mtDNA  (n=320 / 147) 2003 ended GOM, WM Y N N N N Not yet
12. Fish. Ind. surveys (relative abundance, movement )
12.1. ICCAT Aerial 2010-2015 M Y Y N N N N Not yet
12.2. USA Aerial 2015- W Y N N N N Not yet
12.3. USA Acoustic 2015- W Y N N N N Not yet
12.4. SOG Hydro acoustic curtain (OTN) W, WM Y N N N N Not yet
13. Growth, aging (age-length keys, length-age keys )
13.1. Age-length keys (NOAA) Y N N N N Not yet
13.2. Age-length keys (IEO) 2010-2012 ended E, WM Y N N N N Not yet
13.3. Age-length keys (DFO) 2010-2013 ended GSL, W Y N N N N Not yet
13.4. Derived from tagging 1963-2012 ended Es, W s Y N N N N Not yet
13.5 Age-length keys (GBYP) 2011-2015 E, M Y Y N Y Y Not yet
13.5 Ageing calibration (GBYP) 2014 E, M Y Y N Y Y Not yet
14. Maturity (Spawning biomass )
14.1. Western (NOAA) 1975-1981 ended GOM Y N N N N Not yet
14.2 Mediterranean rew M Y Y N Y Y Not yet
15. Other ecological data (spatial distribution, covariates for CPUE standardization, steepness, natural mortality rate, spawning  
15.1. Larval ecology (IEO) ended WM Y N N N N Not yet






Figure 2.1. An example standardized relative abundance index by subyear (quarter and large ocean 





Table 2.2. The recorded quarterly transitions for PSAT tags of  NOAA, DFO, WWF, AZTI, 
UNIMAR, IEO, UCA, FEDERCOOPESCA, COMBIOMA, GBYP (319 tags, 929 quarterly 
transitions). For example, there are 21 tags that were placed on fish in Western Med in quarter 2 




Table 2.3. Distribution of fish that were sampled and stock assigned based on otolith 





3. BASIC DYNAMICS 
 




The current operating model (‘M3’) is based on conventional age-structured accounting (e.g. Quinn 
and Deriso 1999, Chapter 8) which is common to stock assessment models such as Stock Synthesis 
3 (Methot and Wetzel 2013), CASAL (Bull et al. 2012), Multifan-CL (Fournier et al. 1998) and 
















































Q1 GOM 5 NA NA NA NA NA NA NA Q3 GOM NA NA NA NA NA NA NA
W.ATL NA 159 NA 1 7 NA 1 NA W.ATL NA 61 NA NA 1 NA NA NA
GSL NA 2 NA NA NA NA NA GSL NA 4 7 NA NA NA NA NA
C.ATL NA NA NA 1 NA NA NA NA C.ATL NA NA NA 1 NA NA NA NA
E.ATL NA 2 NA NA 35 NA 3 NA E.ATL NA 1 NA 2 42 NA 2 NA
NE.ATL NA NA NA NA NA NA NA NE.ATL NA NA NA 1 NA 1 NA NA
W.MED NA NA NA NA NA NA 19 NA W.MED NA NA NA NA 4 NA 38 NA
E.MED NA NA NA NA NA NA 1 3 E.MED NA NA NA NA NA NA NA
Q2
GOM 6 2 NA NA NA NA NA Q4 GOM NA NA NA NA NA NA NA
W.ATL NA 112 2 NA 3 NA 1 NA W.ATL NA 199 NA 1 12 NA NA NA
GSL NA 8 6 NA NA NA NA NA GSL NA 2 2 1 1 NA NA NA
C.ATL NA NA NA 1 NA NA NA C.ATL NA NA NA 2 NA NA NA
E.ATL NA NA NA NA 29 1 4 NA E.ATL NA 2 NA NA 31 NA 1 NA
NE.ATL NA NA NA NA NA NA NA NE.ATL NA NA NA NA NA NA NA
W.MED NA NA NA 2 21 3 32 1 W.MED NA NA NA NA 3 NA 25 NA










































Year N Area N Quarter N
1975 102 GOM 2029 1 23
1976 494 WATL 2111 2 312
1977 102 GSL 0 3 4320
1998 458 CATL 35 4 611
2009 105 EATL 732
2010 251 NEATL 311
2011 2006 WMED 0




The standard age-structured equations are complicated somewhat by the subyear temporal structure 
in which ageing and recruitment occur in a particular subyear. In this version of the model, 
spawning occurs for all stocks in a subyear ms, after subyear 1 (this is also likely to be the case in 
any final model fitted to bluefin tuna data since spawning in the Mediterranean and Gulf of Mexico 




Numbers of individuals N, for stock s, in a model year y, in the first subyear m=1, age class a, and 
area r are calculated from individuals that have moved 𝑁�⃗ , in the previous year, final subyear nm, of 
the same age class subject to combined natural and fishing mortality rate Z: 
 
𝑁𝑠,𝑦,𝑚=1,𝑎,𝑟 = 𝑁�⃗ 𝑠,𝑦−1,𝑛𝑚,𝑎,𝑟 ∙  𝑒
−𝑍𝑠,𝑦−1,𝑛𝑚,𝑎,𝑟       (3.1) 
 
where total mortality rate is calculated from annual natural mortality rate M, divided by the fraction 





∑ 𝐹𝑦,𝑚,𝑎,𝑟,𝑓𝑓         (3.2) 
Fishing mortality rate at age is derived from fishing mortality rate by length class FL and the 
conditional probability of fish being in length class l, given age a (an inverse age-length key, 
LAK).: 
 
𝐹𝑦,𝑚,𝑎,𝑟,𝑓 = ∑ 𝐹𝐿𝑦,𝑚,𝑙,𝑟,𝑓𝑙 ∙ 𝐿𝐴𝐾𝑠,𝑎,𝑙        (3.3) 
 
The fishing mortality rate at length is calculated from an index of fishing mortality rate I, an 
estimated catchability coefficient q and a length selectivity ogive s, by fleet: 
 
𝐹𝐿𝑦,𝑚,𝑙,𝑟,𝑓 = 𝑞𝑓 ∙ 𝐼𝑦,𝑓 ∙ 𝑠𝑓,𝑙         (3.4) 
 
Selectivity is calculated by the Thompson (1994) ogive and an estimate of mean length L of an age 
class l: 








∙ 𝑒𝑠𝑝𝑟𝑒𝑐∙𝑠𝑑𝑜𝑚𝑒∙(𝑠𝑚𝑜𝑑𝑒−𝐿𝑙) ∙ 1
1+𝑒𝑠𝑝𝑟𝑒𝑐∙�𝑠𝑚𝑜𝑑𝑒−𝐿𝑙�
   (3.5) 
 
In the spawning subyear ms, ages advance by one and recruitment occurs: 
 
𝑁𝑠,𝑦,𝑚𝑠,𝑎,𝑟 = 𝑁�⃗ 𝑠,𝑦,𝑚𝑠−1,𝑎−1,𝑟 ∙  𝑒−𝑍𝑠,𝑦,𝑚𝑠−1,𝑎−1,𝑟      (3.6) 
Recruitment is assumed to occur in a user-specified spawning area for each stock rs. Recruitment is 
assumed to follow a Beverton-Holt form (or as an alternative for the western stock, a ‘hockey stick’ 
form, with consequent straightforward adjustments to the formulae following) in terms of spawning 
stock biomass SSB in the defined spawning areas rs relative to unfished spawning stock biomass 
SSB0 and is subject to annual recruitment deviations R, for each stock:  
 
𝑁𝑠,𝑦,𝑚𝑠,1,𝑟𝑠 = 𝑅𝑠,𝑦 ∙
0.8∙𝑅0𝑠∙ℎ𝑠∙𝑆𝑆𝐵𝑠,𝑦
0.2∙𝑆𝑆𝐵0𝑠,𝑦∙(1−ℎ𝑠)+(ℎ𝑠−0.2)∙𝑆𝑆𝐵𝑠,𝑦
      (3.7) 
 
where R0 is unfished recruitment, h is the steepness parameter (fraction of unfished recruitment at 
1/5 unfished spawning stock biomass) and spawning stock biomass is calculated from moved stock 
12 
 
numbers in the subyear prior to spawning subyear ms, in spawning area rs, weight of individuals at 
age w, and the fraction of individuals mature at age mat:  
 
𝑆𝑆𝐵𝑠,𝑦 = ∑ ∑ 𝑁�⃗ 𝑠,𝑦,𝑚𝑠−1,𝑎,𝑟𝑠 ∙  𝑒−𝑍𝑠,𝑦,𝑚𝑠−1,𝑎,𝑟𝑠𝑟𝑠𝑎 ∙ 𝑤𝑠,𝑎 ∙ 𝑚𝑎𝑡𝑠,𝑎    (3.8) 
 
where weight is calculated from length at age l:  
 
𝑤𝑠,𝑎 = 𝛼𝑠 ∙ 𝑙𝑠,𝑎
𝛽𝑠           (3.9) 
 
and the fraction mature at age is assumed to be a logistic function of age with parameters for the age 
at 50% maturity γ, and slope ϑ: 
 
𝑚𝑎𝑡𝑠,𝑎 = 1 �1 + 𝑒(𝛾𝑠−𝑎) 𝜗𝑠⁄ �⁄         (3.10) 
 
Stock numbers for subyears that are not the first subyear of the year and are not the spawning 
subyear are calculated: 
 
𝑁𝑠,𝑦,𝑚,𝑎,𝑟 = 𝑁�⃗ 𝑠,𝑦,𝑚−1,𝑎,𝑟 ∙  𝑒−𝑍𝑠,𝑦,𝑚−1,𝑎,𝑟       (3.11) 
 
In each subyear, after mortality and recruitment, fish are moved according to a Markov transition 
matrix mov that represents the probability of a fish moving from area k to area r at the end of the 
subyear m: 
 
 𝑁�⃗ 𝑠,𝑦,𝑚,𝑎,𝑟 = ∑ 𝑁𝑠,𝑦,𝑚,𝑎,𝑘 ∙ 𝑚𝑜𝑣𝑠,𝑚,𝑘,𝑟𝑘       (3.12) 
 
The movement matrix is calculated from a log-space matrix lnmov and a logit model to ensure each 
row (k) sums to 1: 
 
𝑚𝑜𝑣𝑠,𝑚,𝑘,𝑟 = 𝑒𝑙𝑛𝑚𝑜𝑣𝑠,𝑚,𝑘,𝑟 ∑ 𝑒𝑙𝑛𝑚𝑜𝑣𝑠,𝑚,𝑘,𝑟𝑟⁄        (3.13) 
 
Movements from an area k to an area r that are considered to be implausible (e.g. from the Eastern 
Mediterranean to the Gulf of Mexico) are assigned a large negative number (essentially zero 
movement) in corresponding cells in these movement matrices. For each area k, from which 
individuals can move, one value is assigned zero and all other possible movements are assigned an 






      
𝑛𝑜 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝑘 𝑡𝑜 𝑟
𝑓𝑖𝑟𝑠𝑡 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝑘 𝑡𝑜 𝑟
𝑜𝑡ℎ𝑒𝑟 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 𝑘 𝑡𝑜 𝑟
  (3.14) 
 
This movement model can be simplified to estimate only those movements for which data have 
been observed (e.g.at least one tag track).  
 
Compared with spatially aggregated models, initialization is more complex for spatial models, 
particularly those that may need to accommodate movement by age and include regional spawning 
and recruitment. The equilibrium unfished age structure / spatial distribution cannot be calculated 
analytically. For any set of model parameters it is necessary to determine these numerically by 
iteratively multiplying an initial guess of age structure and spatial distribution by the movement 
matrix.The solution used here is to iterate the transition equations above (Equations 3.1, 3.6, 3.7, 
13 
 
3.11, 3.12) given zero fishing mortality until the spatial distribution of stock numbers converges for 
each of the subyears.  
 
Prior to this iterative process an initial guess at the spatial and age structure of stock numbers 𝑁� is 
made based on the movement matrix and natural mortality rate at age M:  
 
𝑁�𝑠,𝑚,𝑎,𝑟 = 𝑅0𝑠 ∙ e−∑ 𝑀𝑠,𝑎
𝑎
1 ∙ ∑ 1
𝑛𝑟




Beverton-Holt SR relationship 
Recruitment calculated from stock-wide SSB 
Markov movement matrix by subyear and stock 
Movement calculated only for those transitions recorded by tagging 
 
 Alternative options 
 
Hockey stick SR relationship (West) 
Recruitment calculated from spawning area SSB 
Gravity model used to calculate Markov movement matrix 






III) Fleet structure and exploitation history 
 





A 6 fleet model (Table 3.1, A) based on the five most contributory gear types for all Task I landings 
combined.  
 
 Alternative options 
 
A simpler 4 fleet model (Table 3.1, B) based on the three most contributory gear types for all Task I 
landings (ignores rod and reel and baitboat fishing that are important in the exploitation of Western 
and Eastern stocks respectively, Table 3.1).  
 
 
B.  Individual stock model 
 
In their illustrative analysis of an MP for the East+Med, Rademeyer and Butterworth 
(SCRS/2015/167) adopted the following for their baseline: 
 
The resource dynamics are modelled by the following set of population dynamics equations: 
 
11,1 ++ = yy RN  (3.16) 
Gear group Landings (mt) % Cmlt. (%) A (6 fleets) B (4 fleets)
All Task I landings
PS 801300.42 43.2 43.2 PS PS
TP 358303.17 19.3 62.6 TP TP
LL 285036.89 15.4 78 LL LL
BB 167913.71 9.1 87 BB
UN 114675.94 6.2 93.2 Other
RR 49484.69 2.7 95.9 RR
HL 32785.6 1.8 97.6
Other 43613.21 2.4 100
TaskI where StockID is East
PS 746836.05 45.9 45.9 PS PS
TP 348630.66 21.4 67.3 TP TP
LL 191702.86 11.8 79.1 LL LL 
BB 167913.71 10.3 89.5 BB
Other 170876.9 10.5 100 Other
RR 726.5 0 100 RR
TaskI where StockID is West
LL 93334.03 41.2 41.2 LL LL
PS 54464.37 24.1 65.3 PS PS
RR 48758.19 21.5 86.8 RR Other
TP 9672.51 4.3 91.1 TP TP
Other 20197.87 8.9 100 Other














mymy eNeNN ,1, ,1,,1
−−
−+ +=
−  (3.18) 
 
where 
ayN ,   is the number of fish of age a at the start of year y (which refers to a calendar year), 
m is the maximum age considered (taken to be a plus-group), 
yR   is the recruitment (number of 1-year-old fish) at the start of year y, 






yay MSFZ += ∑ ,,  is the total mortality in year y on fish of age a, where 
f
yF  is the fishing mortality of a fully selected age class in year y for fishery f, and 
f
ayS ,  is the commercial selectivity at age a for year y for fishery f. 
 
The total catch by mass in year y is given by: 
 



















−== ∑∑  (3.19) 
where 
f
ayC ,   is the catch-at-age, i.e. the number of fish of age a, caught in year y by fleet f, 
f
ayS ,  is the commercial selectivity of fleet f (i.e. combination of availability and vulnerability to 
fishing gear) at age a for year y; when 1, =ayS , the age-class a is said to be fully selected, 
f
yF  is the proportion of a fully selected age class that is fished by fleet f , and 
f









ay SAwSw ,,,,~ ∑=   (3.20) 
with 
lw  is the weight of fish of length l; and 
laA ,   is the proportion of fish of age a that fall in the length group l (i.e., 1, =∑
l
laA  for all ages). 
 
The matrix laA ,  is calculated under the assumption that length-at-age is normally distributed about a 
mean given by the von Bertalanffy equation, i.e.: 
 
( )( )[ ]2;1~ ataa oeLNL θκ −−∞ −  (3.21) 
where 
aθ   is the standard deviation of length-at-age a, which is modelled to be proportional to the 
expected length-at-age a, i.e.: 
 
( )( )otaa eL −−∞ −= κβθ 1  (3.22) 
 
with β fixed here to 0.1 for age 1, 0.2 for age 15 and changing linearly for the intermediate . 
 











For the first year (y0) considered in the model (here 1950), the numbers-at-age are estimated 
directly for ages 1 to aest, with a parameter φ which mimics recent average fishing mortality for ages 
above aest (aest=4 here), i.e.: 
 
aay NN ,start,0 =                                             for  
estaa ≤≤1  (3.24) 
and 
)1( 11,start,start 1 −
−
− −= − a
M
aa SeNN a φ              for 1−≤< maaest  (3.25) 













4. MANAGEMENT OPTIONS 
 
Notes:  
a) The suggestions offered are illustrative – clearly they will need to be discussed with 
stakeholders as the process develops. 
b) As above, for convenience they have been set out in baseline and alternative option form. It is 
recommended that many of the final choices be delayed, so that they can be informed by results 
from trials which show the pro/con trade-offs amongst such options. 
c) The specifics of candidate MPs will be left to their developers to determine based on the results 
of their application to the finalised trials. However those candidates should take account of the 
broad desired characteristics/limitations set out below. 
 
 




Conventional West and East/Mediterranean regions (Figure 1.1A):  
 
West: GOM, W.ATL, GSL. 
East+Med: C.ATL, E.ATL, NE.ATL, W.MED, E.MED. 
 
 Alternative options 
 
Various possibilities exist, based on alternative combinations of the spatial strata defined in Item 1. 
For example, separating out the central Atlantic (Figure 1.1A). 
 
 West*: GOM, W.ATL, GSL. 
 Central: C.ATL. 
 East+Med: E.ATL, NE.ATL, W.MED, E.MED. 
 










Every two years, for both West and East+Med (or alternative spatial strata) together 
 
 Alternative options 
 
i) Every three years 
ii) Every four years 
 
 
III) Upper limits on TACs 
 




West    6 000 mt 




West    5 000 mt 
East +Med  30 000 mt 
 
 
IV) Minimum extent of TAC change 
 
[Note the underlying rationale is that changes which are very small are to be avoided as their impact 





West        200 mt 
East +Med    2 000 mt 
 
 Alternative options 
 
West        300 mt 





V) Maximum extent of TAC change 
 




West            15% 
East +Med           15% 
 
 Alternative options 
 
West            20% 
East +Med           20% 
 
Note that developers of candidate MPs should consider including options which: 
a) Override such restrictions on the maximum extent of reduction if abundance indices drop below 
specified thresholds. 
b) Allow for greater increases (in terms of tonnage) if a TAC has had to be reduced to a low level 
and indices confirm subsequent recovery. 
 
 
VI) Technical measures 
 
Size restrictions might be considered on a fleet and/or spatial stratum basis. However, for a “first 
round” it is suggested that these not be included explicitly, but instead be considered to be effected 
implicitly through the selectivity prescriptions for future catches by the various fleets which are set 




In their illustrative analysis of an MP for the East+Med, Rademeyer and Butterworth 
(SCRS/2015/167) adopted the following for their baseline: 
 
TAC setting frequency:    Annual 
Maximum TAC:    No cap, 30 000 mt or 40 000 mt 
Minimum extent of TAC change:  0 mt (i.e. not considered) 
Maximum extent of TAC change:  15% 








Functional forms fitted to years 1970+ 
a) Hockey stick 




II) East + Mediterranean 
 
Functional forms fitted to years 1950+ 
a) Beverton Holt with h = 0.98 for 1950-1982, 1983+ and 1950+ 
b) Beverton Holt with h = 0.70 for 1950-1982, 1983+ and 1950+ 
 
Note that 1950-1982 is “low” recruitment, and 1983+ is “high” recruitment. 
 




b) After 10 years of projection, switch to other regime 
c) Probability of 0.05 every projection year of switch to other regime 
 
 East+Med 
a) 1983+ relationship continues unchanged 
b) 1983+ relationship changes to 1950-1982 relationship after 10 years 
c) Probability of 0.05 every projection year of a swop between 1983+ and 1950-1982 relationships 
 
Note that for option c), it might be better to preclude changes over, say, the last 10 years of a 30-
year projection period to ease interpretation of results through the reduction of transient effects. 
 
IV) Statistical properties 
 
Residuals are taken to be lognormally distributed about the relationship assumed with the standard 




Uncorrelated residuals with σR = 0.5 . 
 
 Alternative options 
 
σR and autocorrelation as estimated from the residuals for the conditioning concerned (post model 




V) Possible future distributional changes 
 
Plausible options for future distributional changes (in relative terms) in response to changes in 





 Previous example 
 
In their illustrative analysis of an MP for the East+Med, Rademeyer and Butterworth 
(SCRS/2015/167) adopted the following for their baseline: 
 
Beverton Holt with h=0.98 
 
Regime shift options 
a) None – 1950+ relationship continues 
b) Start as a), but from 2020 change to the1983+ “high” relationship 
c) Start as a), but from 2020 change to the 1950-1982 “low” relationship 








a) Future catches will be taken to equal future TACs 
b) The allocation of these future catches amongst fleets will be set equal to the average over 2012-
2014 
c) The spatial distribution per stratum (see item 1 above) of these future catches will be set equal 
to the average over 2012-2014 
d) The selectivity function for each fleet for the most recent period for which this is estimated in 
the conditioning of the trial concerned will be taken to apply for all future years 
e) If the TAC is changed, the proportional allocation by fleet will remain unchanged, as will the 
proportional distribution by spatial stratum. 
 
 
 Alternative options 
 
Clearly many are possible, but are probably best delayed until a “second round”. Were substantial 
changes to eventuate during a period when an MP was in operation, this would in any case likely 
necessitate re-tuning and re-testing or a modified MP. 
 





7. GENERATION OF FUTURE DATA 
 
Note that these are for use as input to MPs, so need to be chosen carefully from a set of those highly 
likely to be regularly (i.e. annually) available. This is because application of the MP relies on these 
data being available in this way, so difficulties can (and have in other cases) obviously arise should 
they fail to do so. Though any candidate MP proposed should include a rule to deal with the 
absence of just one future value from an input series, any more than that would require re-tuning 




Consideration is also needed of the “delays” associated in such data becoming available for input to 
an MP. The customary default is that for computation of the TAC for year y, the most recent data 




I) Baseline suggestions 
 
 West 
a) JLL_WEST (area 2) CPUE index of exploitable abundance 
b) Gulf of Mexico larval index of spawning stock abundance 
 
 East+Med 
a) JLL_NEA CPUE index of exploitable abundance 
b) Western Mediterranean larval index of spawning stock abundance 
 
 
II) Alternative options 
 
Obviously many additions or alternatives to the suggestions made are possible. The reasons behind 
the initial suggestions above are respectively lengthy continuity (though admitting a concern about 
the decrease in spatial coverage of the JLL_NEA index over time) and fishery-independence. 
 
Including additional indices of abundance will increase the workload (see below), so might be 
better postponed to a “second round”. 
 
Catch-at-length series could also be considered for inclusion, but raise further technical 
complications regarding the specification of how they are generated, so are likely best deferred 
from consideration until a “second round”. 
 
 
III) Relationships with abundance  
 
For baseline trials, abundance indices will be taken to be linearly proportional to the appropriate 
component of the underlying model biomass in the stratum/strata concerned. 
 
Possible alternatives to this will be considered under Robustness trials (see item 9 below). 
 
 
IV) Statistical properties 
 
 Baseline 
a) Residuals are taken to be lognormally distributed about the relationship assumed with the 
standard deviation of the log recruitments (σ) invariant over time. 
b) The values of σ will be taken to be as estimated in the conditioning for the trial concerned. 
c) Autocorrelation of residuals will be taken to be zero. 
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d) The conditioning results will be inspected for any indication of model mis-specification 
regarding the fit to the series concerned; if so the bias identified will be modelled to continue 
into the future in a “plausible” way. 
 
 Alternative options 
a) Fix σ values for all trials based on a central trial from the Reference set (see item 9 below). 
b) If additional CPUE indices to the single one initially suggested are included, residuals need to 
be examined for correlation, with this being taken into account in generating future values. 
 
 Other aspects 
 
Currently a ‘master’ relative abundance index is used for the Mixed stock model which provides an 
estimate of relative abundance across all time-area strata (e.g. by year, quarter and area). The 
approach taken here is to include multiple fleets by dividing their catches by this ‘master’ index to 
provide an index of fishing mortality rate (a partial F) leaving only catchability by fleet to be 
estimated rather than several thousands of individual F parameters (by fleet, year, quarter and area). 
Simulation testing reveals that this approach provides unbiased estimates of central quantities such 
as abundance, stock depletion, mixing rate and selectivity. However the construction of the ‘master’ 
index is critical and potentially an important axis of uncertainty for operating models. 
 
MP input series (e.g. as suggested in section I) above) may however be specific fleet indices, rather 
than this master relative abundance index, and hence require generation into the future. This will be 
effected by including these series in the conditioning with comparisons to the resource components 
which they are assumed to reflect, but with a very low weight in the log-likelihood so as not to 
impact estimates of other parameters in the model fit. The estimates of the catchability coefficients, 
and statistical properties of the residuals of this fit will be used in generating values for this series 
forward in time. 
 
Note that consideration should at some stage also be given to new data types that are only now 
becoming available (e.g. aerial surveys, genetic tagging). These will not at this stage have been 
collected over a sufficient length of time to be able to serve as MP inputs, but the overall testing 
process can be used to provide insight into their potential future utility. 
 
 
 Previous example 
 
In their illustrative analysis of an MP for the East+Med, Rademeyer and Butterworth 
(SCRS/2015/167) adopted the following procedures for their baseline projections: 
 
Projections into the future under a specific Candidate Management Procedure (CMP) are evaluated 
using the following steps for the Operating Model (OM) under consideration. 
 
Step 1: Begin-year (2014) numbers-at-age 
 
The components of the numbers-at-age vector for each gender and species at the start of 2014 are 





Error is included for numbers-at-ages 1 to 3 because these are poorly estimated in the assessment 
given limited information on these year-classes:, i.e.: 
aeNN aa
ε
,2014,2014 →    ( )( )2,0 from Ra N σε   
 
 
Step 2: Catch 
 
These numbers-at-age are projected one year forward at a time given a catch yC  for the year 
concerned, where catch is specified by the CMP. This requires specification of how the catch is 
disaggregated by fleet to obtain fyC (see section 9) and how future recruitments are generated (see 
section 5). 
 
The numbers-at-age can then be computed for the beginning of the following year (y+1): 








mymy eNeNN ,1, ,1,,1
−−
−+ +=
−  (7.3) 
 
 
Step 3: Generate data 
 
The information obtained in Steps 1 and 2 is used to generate values of the indices of abundance 
(here, JPLL_NEA and larval index only). The indices are generated from the OM, assuming the 
same error structures as in the past. 
 
The index series are generated from model estimates for corresponding mid-year exploitable 





















= ∑ − 2/,,ˆ         (7.4) 
 


























,ˆ         (7.5) 
i
yε  from ( )( )2,0 iN σ         (7.6) 
 
Lognormal error variance includes the index sampling variance with the CV set equal to the average 
historical value, plus additional variance (the variability that is not accounted for by sampling 
variability) as estimated within the OM concerned from past data.  
     
22 )1ln( a
ii CV σσ ++=  (7.7) 
 
For JPLL_NEA, iCV  ranges from 0.72 to 0.78 depending on the OM, with additional variance 
estimated to be close to 0 for the RC and S1 0.25 for S2. For the larval index, iCV  ranges from 






Given the new indices of abundance iyI 1−  compute 1+yTAC  using the CMP. 
 
Step 5: 
Steps 1-4 are repeated for each future year in turn for as long a period as desired, and at the end of 
that period the performance of the candidate MP under review is assessed by considering statistics 




8. PARAMETERS AND CONDITIONING 
 
 
A. Mixed stock model 
 
For the Baseline model, spawning is assumed to occur in areas ‘GOM’ for the West stock and 
‘W.Med’ + ‘E.Med’ for the East + Mediterranean stock (Figure 1.1A). 
 
I) Fixed parameters 
 
Table 8.1. The parameters that are fixed (user specified)  
Parameter Number of parameters  Symbol 
Steepness ns H 
Maximum length ns  Linf 
Growth rate ns Κ 
Age at length zero ns t0 
Natural mortality rate at age na  ∙ ns M 
Selectivity of at least one fleet 2-3 Θ 
Maturity at age na  ∙ ns mat 
     
Table 8.2. Parameter values of baseline and alternative options  
Parameter West East 
Steepness (Bev.-Holt) N/A (hockey-stick) Estimated 
0.98 
0.7 
Maximum length (cm) 329 315 
Growth rate (κ) 0.093 0.089 
Age at length zero           -0.97           -1.13 
Natural mortality rate 
at age 
0.14 (age independent) 
 
Alternative: as for East 
1      2-5    6      7       8       9      10+ 
0.49, 0.24, 0.2, 0.18, 0.15, 0.13, 0.10 
Alternative: as for West 
Selectivity of at least 
one fleet 
-          Longline fleet is asymptotic        - 
Maturity at age 
6       7     8     9       10    11   12    13    14 
0.13, 0.2, 0.3, 0.43, 0.57, 0.7, 0.8, 0.87, 0.92 
Alternative: as for East 
2       3       4       5        6       7 
0.04, 0.13, 0.35, 0.65, 0.87, 0.96 
Alternative: as for West 
     
 
II) Estimated parameters 
 
The majority of parameters estimated by the model relate to movement probabilities and annual 




Table 8.3. The parameters estimated by the model. The example is for a possible bluefin tuna 
operating model of 8 areas, 4 subyears, 5 fleets, 65 years and 25 age classes.  
Parameter Number of parameters  Example Symbol 
Unfished recruitment ns 2 R0 
Length a modal selectivity nf  5 smode 
Precision of selectivity nf 5 sprec 
Dome-shape of selectivity nf 5 sdome 
Recruitment deviations (ny + na – 1) ∙ ns 178 r 
Fleet catchability nf 5 q 
Movement  Up to: (nr-1) ∙ (nr) ∙ nm 224 ψ 
Steepness (recruit. compensation) ns 2 h 
Natural mortality rate modifier ns 2 𝑀𝑓𝑎𝑐 




    
III) Model predictions to compare with past data and likelihood functions 
 
A summary of likelihood functions can be found in Table 8.4. 
 
For each fleet f, total predicted catches in weight ?̂?, are calculated from the Baranov equation: 
 
?̂?𝑦,𝑚,𝑟,𝑓 = ∑ ∑ 𝑤𝑠,𝑎 ∙ 𝑁𝑠,𝑦,𝑚,𝑎,𝑟𝑎 ∙ (1 − 𝑒−𝑍𝑠,𝑦,𝑚,𝑎,𝑟) ∙ �
𝐹𝑦,𝑚,𝑎,𝑟,𝑓
𝑍𝑠,𝑦,𝑚,𝑎,𝑟
�𝑠     (8.1) 
 
Similarly predicted catches in numbers at age (CAA) are given by: 
 
𝐶𝐴𝐴�𝑠,𝑦,𝑚,𝑎,𝑟,𝑓 = 𝑁𝑠,𝑦,𝑚,𝑎,𝑟 ∙ (1 − 𝑒−𝑍𝑠,𝑦,𝑚,𝑎,𝑟) ∙ �
𝐹𝑦,𝑚,𝑎,𝑟,𝑓
𝑍𝑠,𝑦,𝑚,𝑎,𝑟
�     (8.2) 
 
This can be converted to a prediction of total catches in numbers by length class CAL using a stock 
specific inverse age-length key, LAK:  
 
𝐶𝐴𝐿� 𝑦,𝑚,𝑙,𝑟,𝑓 = ∑ ∑ 𝐶𝐴𝐴�𝑠,𝑦,𝑚,𝑎,𝑟,𝑓 ∙ 𝐿𝐴𝐾𝑠,𝑎,𝑙𝑎𝑠       (8.3) 
 
The model predicts spawning stock biomass indices 𝐼𝑠𝑠𝑏�, that are standardized to have a mean of 1 
for each stock over the total number of years ny: 
 
𝐼𝑠𝑠𝑏�𝑠,𝑦 = 𝑛𝑦 ∙ 𝑆𝑆𝐵𝑠,𝑦 ∑ 𝑆𝑆𝐵𝑠,𝑦𝑦⁄         (8.4) 
 
The model predicts exploitable biomass indices 𝐼, by fleet that are standardized to have a mean of 1 
for each fleet: 
 
𝐼𝑦,𝑚,𝑟,𝑓 = 𝑛𝑦 ∙ 𝑛𝑚 ∙ 𝑛𝑟 ∙ 𝑉𝑦,𝑚,𝑟,𝑓 ∑ ∑ ∑ 𝑉𝑦,𝑚,𝑟,𝑓𝑟𝑚𝑦⁄       (8.5) 
 
where exploitable biomass V is calculated as: 
 
𝑉𝑦,𝑚,𝑟,𝑓 = ∑ �𝑠𝑓,𝑙 ∙ ∑ ∑ �𝑁𝑠,𝑦,𝑚,𝑎,𝑟,𝑓 ∙ 𝐿𝐴𝐾𝑠,𝑎,𝑙 ∙ 𝑤𝑠,𝑎�𝑎𝑠 �𝑙      (8.6) 
 





𝑆𝑂𝑂�𝑠,𝑦,𝑚,𝑟,𝑓 = ∑ 𝐶𝐴𝐴�𝑠,𝑦,𝑚,𝑎,𝑟,𝑓𝑎 ∑ ∑ 𝐶𝐴𝐴�𝑠,𝑦,𝑚,𝑎,𝑟,𝑓𝑎𝑠�      (8.7) 
 
A log-normal likelihood function is assumed for total catches by fleet. The negative log-likelihood 
is calculated as:   
 




2𝑓𝑟𝑚𝑦     (11.8) 
 
Similarly the negative log-likelihood components for indices of exploitable biomass and spawning 
stock biomass are calculated as:  
 




2𝑓𝑟𝑚𝑦      (11.9) 
 




2𝑦𝑠       (11.10) 
 
The length composition data are assumed to be distributed multinomially. In traditional stock 
assessment settings catch composition data may often dominate the likelihood function due to the 
large number of observations. This is exacerbated by a failure to account for non-independence in 
size composition samples. There are two possible solutions: (1) manually specify the effective 
sample size (ESS) of length-composition samples or (2) use a multinomial likelihood function that 
includes the conditional maximum likelihood estimate of the ESS (perhaps even a freely estimated 
ESS, S. Martell personal communication). In this version of the code, ESS is user-specified.  
 
The negative log-likelihood component for length composition data is calculated as: 
 
−𝑙𝑛𝐿𝐶𝐴𝐿 =  −∑ ∑ ∑ ∑ ∑ 𝐶𝐴𝐿𝑦,𝑚,𝑙,𝑟,𝑓 ∙ 𝑙𝑛�?̂?𝑦,𝑚,𝑙,𝑟,𝑓�/𝐸𝑆𝑆𝑓𝑓𝑟𝑙𝑚𝑦    (8.11) 
 
where the model predicted fraction of catch numbers in each length class p, is calculated as: 
 
?̂?𝑦,𝑚,𝑙,𝑟,𝑓 = 𝐶𝐴𝐿� 𝑦,𝑚,𝑙,𝑟,𝑓 ∑ 𝐶𝐴𝐿� 𝑦,𝑚,𝑙,𝑟,𝑓𝑙�        (8.12) 
 
Similarly the negative log-likelihood component for PSAT tagging data of known stock of origin 
(SOO), released in year y, subyear m, area r and recaptured in year y2, subyear m2, and area k is 
calculated as: 
 
 −𝑙𝑛𝐿𝑃𝑆𝐴𝑇 =  −∑ ∑ ∑ ∑ ∑ ∑ ∑ 𝑃𝑆𝐴𝑇𝑠,𝑦,𝑚,𝑦2,𝑚2,𝑘 ∙ 𝑙𝑛�𝜃�𝑠,𝑦,𝑚,𝑦2,𝑚2,𝑟,𝑘�𝑘𝑟𝑚2𝑦2𝑚𝑦𝑠   (8.13) 
 
where recapture probabilities θ, are calculated by repeatedly multiplying a distribution vector d, by 
the movement probability matrix mov. For example for a tag released on a fish of stock 1 in year 2, 
subyear 3, and area 4, the probability of detecting the tag in year 3, subyear 2 for the various areas 
is calculated as: 
 










𝑘 = 𝑟             (8.15) 
 
The negative log-likelihood component for PSAT tagging data of unknown stock of origin PSATu, 
is currently weighted according to the compound probability that a fish is of a particular stock given 
the track history for that tag. For example for a tag t, tracked in series of years yi, subyears mi, and 
regions ri, the weight w, of that tag for a specific stock is calculated as: 
 
𝑤𝑡,𝑠 =
∏ ��∑ 𝑁𝑠𝑖,𝑦𝑖,𝑚𝑖,𝑎𝑖,𝑟𝑖𝑎 � �∑ ∑ 𝑁𝑠𝑖,𝑦𝑖,𝑚𝑖,𝑎𝑖,𝑟𝑖𝑎𝒔 �� �𝑖
∏ �1−�∑ 𝑁𝑠𝑖,𝑦𝑖,𝑚𝑖,𝑎𝑖,𝑟𝑖𝑎 � �∑ ∑ 𝑁𝑠𝑖,𝑦𝑖,𝑚𝑖,𝑎𝑖,𝑟𝑖𝑎𝒔 �� �𝑖
            (8.16) 
 
This is simply the product of fractions of that stock in those time-area strata divided by the product 
of the fractions of other stocks in those time-area strata. An alternative approach would be to 
compare the relative probabilities of the observed movements among the stocks although it is 
unclear whether this circularity (PSAT data are a primary source of information regarding 
movement) could lead to estimation problems.  
 
The weighted negative log-likelihood function is similar to that of the stocks of known origin but 
includes the appropriate weighting term for each tag: 
 
−𝑙𝑛𝐿𝑃𝑆𝐴𝑇 =  −� � � � � � � � 𝑃𝑆𝐴𝑇𝑢𝑡,𝑠,𝑦,𝑚,𝑦2,𝑚2,𝑘
𝑘𝑟𝑚2𝑦2𝑚𝑦𝑠𝑡
 
∙ 𝑙𝑛�𝜃�𝑠,𝑦,𝑚,𝑦2,𝑚2,𝑟,𝑘� ∙ 𝑤𝑡,𝑠    (8.17) 
 
The negative log-likelihood component for stock of origin data SOO is also calculated assuming a 
multinomial distribution:  
 
−𝑙𝑛𝐿𝑆𝑂𝑂 =  −∑ ∑ ∑ ∑ ∑ 𝑆𝑂𝑂𝑠,𝑦,𝒎,𝒓,𝒇 ∙ 𝑙𝑛�𝑆𝑂𝑂𝑠,𝑦,𝑚,𝑟,𝑓�𝒇𝑟𝑚𝑦𝒔      (8.18) 
 
In addition to these likelihood functions for observed data, priors may be placed on the steepness 
parameter h, of the stock recruitment relationship and a factor Mfac, multiplied by the user specified 
natural mortality rate-at-age schedule Minit: 
 
𝑀𝑠,𝑎 = 𝑀𝑖𝑛𝑖𝑡𝑠,𝑎 ∙ 𝑀𝑓𝑎𝑐𝑠         (8.19) 
 
The factor applied to the natural mortality rate-at-age schedule is assumed to be lognormally 
distributed according to user specified mean and standard deviation parameters.  
 
−𝑙𝑛𝐿𝑀 = ∑ 𝑙𝑛(𝜎𝑀𝑠) +
(𝑀𝑓𝑎𝑐𝑠−𝜇𝑀𝑠)2
2∙𝜎𝑀𝑠2𝑠
        (8.20) 
 
Steepness is parameterized by a logit model constrained between 0.2 and 1: 
 
ℎ𝑠 = 0.2 + 0.8 ∙ 𝑒ℎ
�𝑠 �1 + 𝑒ℎ�𝑠��          (8.21) 
 
In the logit-1 space, a normal prior is adopted for this transformed steepness ℎ�, parameter that 
includes user specified mean 𝜇ℎ� , and standard deviation 𝜎ℎ� , parameters. The corresponding 
negative log-likelihood component is: 
 








The global penalised negative log-likelihood -lnLT, to be minimized is the summation of the 
weighted  negative log-likelihood components: 
 
−𝑙𝑛𝐿𝑇 = −[𝜔𝑐 ∙ 𝑙𝑛𝐿𝑐 + 𝜔𝑖 ∙ 𝑙𝑛𝐿𝑖 + 𝜔𝑆𝑆𝐵 ∙ 𝑙𝑛𝐿𝑆𝑆𝐵 + 𝜔𝐶𝐴𝐿 ∙ 𝑙𝑛𝐿𝐶𝐴𝐿 + 
𝜔𝑃𝑆𝐴𝑇 ∙ 𝑙𝑛𝐿𝑃𝑆𝐴𝑇 + 𝜔𝑃𝑆𝐴𝑇𝑢 ∙ 𝑙𝑛𝐿𝑃𝑆𝐴𝑇𝑢 + 𝜔𝑀 ∙ 𝑙𝑛𝐿𝑀 + 𝜔ℎ ∙ 𝑙𝑛𝐿ℎ]    (8.23) 
 
 
Table 8.4. Summary of the negative log-likelihood function contributions from various data 
Type of data Disaggregation Likelihood 
function 
Total catches (weight)  year, subyear, area, fleet Log-normal 
Index of exploitable biomass (e.g. a CPUE index) year, subyear, area, fleet Log-normal 
Index of spawning stock biomass (e.g. a larval survey) year, stock Log-normal 
Length composition year, subyear, area Multinomial 
PSAT tag (known stock of origin) stock, year, subyear, area Multinomial 
PSAT tag (unknown stock of origin) year, subyear, area Multinomial 
Stock of origin Year, subyear, area Multinomial 
   
 
 




Concentrate on among-model uncertainty using the maximum posterior density estimates of model 
parameters and a prior model weight based on expert judgement.  
 
 Alternative options 
 
Include within-model uncertainty (parameter uncertainty) via Monte Carlo sampling from the 
inverse Hessian matrix of model parameters. 
 
Include within-model uncertainty via MCMC sampling of posteriors for model parameters.  
 
 
B. Individual stock model 
 
In their illustrative analysis of an MP for the East+Med, Rademeyer and Butterworth 
(SCRS/2015/167) adopted the following for their baseline: 
 
The model is fitted to CPUE and commercial catch-at-length data to estimate model parameters 
(which may include residuals about the stock-recruitment function, facilitated through the 
incorporation of a penalty function described below). Contributions by each of these to the negative 
of the (penalised) negative log-likelihood (- Ln ) are as follows. 
 
 Relative abundance data: 
 
The likelihood is calculated assuming that the index observed for a particular fishing fleet is log-
normally distributed about its expected value:  
 


























aeNSqI 2/,,ˆˆ  is the corresponding model estimate of abundance in numbers, or, in the case 




y BqI ˆˆ =  
 
iq̂  is the constant of proportionality (catchability) for the index series, and 
i
yε  from ( )( )2,0 iyN σ . 
 
The contribution of the index data to the negative log-likelihood function (after removal of 
constants) is then given by: 
( ) ( ) ( )





























σσ  (8.25) 
 
where  
iσ   is the standard deviation of the residuals for the logarithm of index i in year y, estimated by 
its maximum likelihood value: 






i IqIn 2lnln1σ̂  (8.26) 
where ni is the number of data points for index i, and 
i
Addσ  is the square root of the additional variance for the CPUE series, which can be estimated in 
the model fitting procedure but has been set to zero in the applications considered here. 
 







i IInqn ˆlnln1ˆ  (8. 27) 
 
The model is fit to the following abundance index series (see Table A.3): 
1) Mor&Sp_Trap: Moroccan and Spanish (combined) trap (1981-2013) 
2) SpBB1: Spanish bait boat (1952-1962) 
3) SpBB2: Spanish bait boat (1963-2006) 
4) SpBB3: Spanish bait boat  (2007-2013) 
5) NorPS: Norwegian purse seine (1955-1980) 
6) JPLL_EastMed: Japanese longline fishery in east Atl. (south of 40N) and Med. (1975-2009) 
7) JPLL_NEA1: Japanese longline fishery in the Northeast Atl. (north of 40N) (1990-2013) 
8) Larval index: Western Mediterranean sea (2001-2013) 
 
Note that for the applications considered hear, selectivity at age f ayS ,  is year-invariant over the period 
for which values of the index are available. More complex formulations are necessary should 
selectivity-at-age change during such periods. 
 
The indices' selectivities are taken to be the same as for the overall gear type, i.e.: 
1) Mor&Sp_Trap: corresponds to trap  
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2) SpBB1, SpBB2, and SpBB3 correspond to baitboat 
3) NorPS: corresponds to purse seine, and 





The contribution of the catch-at-length data to the negative log-likelihood function under the 
assumption of an “adjusted” lognormal error distribution (Punt and Kennedy 1997) is given by: 
 















































ly CCp  is the model-predicted proportion of fish caught in year y by fleet f that are of 












comσ   is the standard deviation associated with the catch-at-length data, which is estimated in the 
fitting procedure by: 
 
( )∑∑ ∑∑−=







f pnpnp 1/ˆˆ 2,,,com σ  (8.30) 
 
Commercial catches-at-length are grouped with the next length class if the proportion is less than 
2%.  
 
The lenw  weighting factor may be set to a value less than 1 to downweight the contribution of the 
catch-at-length data (which tend to be positively correlated between adjacent length groups) to the 
overall negative log-likelihood compared to that of the CPUE data. Here 5.0=lenw . 
 
The model is fit to CAL data for each of the five fleets assumed in the model (baitboat, longline, 




The stock-recruitment residuals are assumed to be log-normally distributed. Thus, the contribution 












ynL σς  (8.31) 
where 
yς  is the recruitment residual for year y, which is estimated for year y1 to y2), 
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The model input parameters are given in Table 8.5 below. 
 
Table 8.5: Input parameters (units are gm, cm and year as appropriate) (length-weight, von 
Bertalanffy growth, maturity and natural mortality at age to age 15 from ICCAT, 2012). 
        Model plus group (m) 15             
Length-weight a=0.0000295, b=2.899 (<=100cm) and a=0.0000196, b=3.009 (>100cm) 
von Bertalanffy 
growth κ=0.093, Linf=319, t0=-0.97   
Maturity-at-age 50% maturity at age 4, 100% maturity at age 5 
Natural mortality 1 2-5 6 7 8 9 10+ 
 0.49 0.24 0.20 0.18 0.15 0.13 0.10 
Stock-recruitment Beverton-Holt, h=0.98*, σR=0.5 
    
* This high value was specified on input rather than estimated in the fit of the model given the 




Fishing selectivities-at-length are estimated using a four parameters double-logistic form: 
 
( )( ) ( )( )[ ]122111 111 −−−−−− +−+= blablal eeS       (8.32) 
 
Details of the fishing selectivities used are shown in Table 8.6. 
 






Number of selectivity periods 
Bait boat 4x3 Three: 1950-1962, 1963-2006, 2007-2013 
Longline 4x1 One 
Purse 
seine 4x5 
Three: 1950-1980, 1981-1984, 1985-2001, 2002-2006, 
2007-2013 
Traps 4x2 Two: 1950-1973, 1974-2013 








9. TRIAL SPECIFICATIONS 
 
A. Reference set 
  
Three major uncertainty axes: future recruitment; current abundance; and natural mortality/maturity 
(in combination) 
 
  West East 
Future recruitment   
1 Hockey-stick 83+ B-H with h=0.98 
2 B-H with h estimated 83+ B-H with h=0.70 
3 Hockey-stick changes to  B-H after 10 years 
83+ B-H with h=0.98 
changes to 50-82 B-H with 
h=0.98 after 10 years 
Current abundance   
A Best estimate Best estimate 
B Three quarters best estimate Half best estimate 
Natural mortality/Maturity 
 I M const/High age mat M age-dep/Low age mat 
II M const/High age mat M const/High age mat 
III M age-dep/Low age mat M age-dep/Low age mat 
 
Note that Option I reflects the current conventional assumptions for separate West and East+Med 
assessments. Further the current abundance estimates for Options A and B will be dependent on 
which of Options I, II or III applies for the scenario concerned. 
  
Combinations for Reference Set 
  
A full cross of (1, 2, 3) x (A, B) x (I, II, III),  i.e. 18 scenarios in all. 
 
Discussion will be required regarding whether, in addition to considering results for each of these 
scenarios individually, they should also be considered for all scenarios in combination, and if so 
how the scenarios should be weighted (if at all) in such a combination. 
  
  
B. Robustness trials 
  
Each of these is a single factor variant on each of two scenarios from the Reference Set: [1,A, I] and 
[2, A, I] 
 
i. Future recruitment change as in 3), but with prob of 0.05 for each of the first 20 years of 
projection 
ii. Unrealised overcatches each year of [X] tons in the West and [Y] tons in the East+Med 
iii. Use of alternative indices [to be specified] in the MP 
iv. Alternative combinations of fleets in evaluating selectivities for the operating models 
v. An undetected increase in catchability for CPUE-based abundance indices of 1% per annum 




“Second round” issues 
 
The following aspects of uncertainty are suggested to be postponed at this time for consideration 
rather in a “second round”: 
 
1) More than two stocks 
2) More than two indices of abundance used as input to a MP 
3) Use of CAL data in an MP 
4) TACs allocated on a spatially more complex basis than the traditional west and East+Med 
5) Changes in technical measures affecting selectivity 
6) Changes in stock distributions in the future 




10. PERFORMANCE MEASURES/STATISTICS 
 
Projections under candidates MPs will be for 30 years commencing in 2017. Prior to that, for 
projecting for years between the last year of the condition and 2017, the catches will be set equal to 
the TACs already set, with abundance index data (and any further monitoring data such as catch-at-
length) not yet available for those years being generated as specified under item 7. Note that 
considering a period as lengthy as 30 years is not to imply high reliability for projections for such a 
long time, but to be able take account of transient effects that persist for some time for a long-lived 
species. 
 
I) Summary measures/statistics 
 
a) Annual average catch for the first, second and third 10-year period of MP application. 
b) Spawning biomass depletion calculated relative to the deterministic equilibrium in the absence 
of catches for the recruitment function that applies after 10, 20 and 30 years of MP application. 
c) The lowest spawning biomass depletion over the 30 years for which the MP is applied 
calculated relative to the deterministic equilibrium in the absence of catches for the recruitment 
function that applies after 30 years. 
d) Spawning biomass depletion after 30 years, but calculated relative to the trajectory that would 
have occurred had no catches been taken over the full period for which MP application is being 
considered. 
e) The lowest spawning biomass depletion over the 30 years for which the MP is applied, but 
calculated relative to the zero catch trajectory specified in d). 










yyy CCCAAV         (13.1) 
 
For each of these distributions, 5%-, 50%- and 95%iles are to be reported from 200 replicates. Note 
the reason for measures/statistics c) and e) is to compensate for regime changes. 
 
 
II) Summary plots 




a) Annual medians with 5%- and 95%-ile envelopes 
b) 10 worm plots of individual realisations 
 
 




a) Catch-related measures/statistics by traditional West and East+Med regions. 
b) Spawning biomass depletions measures/statistics by separate stocks 
 
 Alternative options 
 
Many can be conceived, likely related primarily to catch and depletion by some combination of 
stock and/or spatial stratum. However these might be left for a “second round”, as they would 
become more pertinent in the face of greater model complexities possibly introduced at that time, 
such as changing spatial distributions of stocks and/or catches (resulting from changed proportional 
allocations to different fleets). 
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11. APPENDIX A - Data used in Rademeyer and Butterworth (SCRS/2015/167): an 
illustrative analysis of an MP for the East+Med 
 
Table A1: Catches in mt. 
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Table A2: Continued 
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Table A2: Continued 
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Table A3: Index series used – values followed by associated standard errors (where available) are 
given. 
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